INTRODUCTION
The most distinctive physical property of the human nail plate is its strength, which is believed to be a result of its high α-keratin content [1, 2] . Keratins have a large amount of the sulphur-rich amino acid, cysteine [3] . It is the covalent disulphide bonds formed between most of the cysteine molecules (resulting in cystine) during the final stages of protein biosynthesis, that are responsible for this mechanical strength, along with the elastic properties and chemical resistance associated with the nail [4] . The disulphide link has a high bond energy of 200-300 kJ/mol [5, 6] compared to hydrogen bonds (10-40 kJ/mol) and van der Waal's interactions (1-20 kJ/mol) hence these cross links are extremely stable in a wide range of environments [7] . The rigidity and hardness of the human nail provides excellent protection for the sensitive finger tips, but it makes local drug delivery extremely difficult. This presents a serious problem for a large cohort of patients as highly prevalent nail disorders such as onychomycosis and nail psoriasis are, at present, inadequately treated using oral medication [8, 9] . An effective topical therapy for ungual disease is required, but in order to bypass the highly effective nail barrier a fundamental understanding of how α-keratin influences the physical properties of the human nail is required.
Several compounds including cysteine, dithiothreitol, thioglycolic acid (TA) and urea hydrogen peroxide (urea H 2 O 2 ) are known to diminish the barrier properties of the nail [10, 11] . Of these compounds, those that have a thiol group attached and hence reducing properties, are generally applied under conditions where the thiol moiety is ionised. For example, TA, a well characterised reducing agent that is included in several commercial depilatory and hair care products, is usually applied at pH values above 10 in order to optimise disruption by the thiolate ion [12, 13] . It has been hypothesised that TA compromises hair fibre integrity through the cleavage of -keratin disulphide links; an electrochemically driven reversible reduction reaction [14] , but there is no direct evidence to support this hypothesis. Urea H 2 O 2 , a stable adjunct of H 2 O 2 which releases H 2 O 2 upon contact with water, is also used as a depilatory product. Under strongly oxidative conditions, H 2 O 2 is also reported to cleave disulphide links via an oxidative fission process [14, 15] , but again this is not supported by direct analytical evidence.
Despite their current applications in the hair care industry, TA and urea H 2 O 2 are not employed commercially to enhance permeation into the human nail even though previous research has demonstrated their ability to manipulate ungual keratin [10, 11, 16] . The nail poses a rigid barrier that displays a higher density compared to other similar tissues such as the hair and skin, therefore prior to utilising these agents in chronic clinical testing a detailed understanding of their interaction with ungual constituents is required.
This study was designed to test the hypothesis that sequential use of TA and urea H 2 O 2 alter the barrier properties of keratin containing tissues through the spontaneous induction of redox mediated disulphide bond breakage. It was thought that the two agents break disulphide bonds via two different mechanisms and this provides them with ability to elicit an enhancement effect. Direct electrochemical analysis of ungual keratin could provide the analytical data to test this hypothesis, but the high density and the tight packing of -keratin renders direct analysis of the protein in situ impossible using standard analytical techniques. Therefore, in this work the human nail keratin was exposed to a series of well defined redox environments (using TA and urea H 2 O 2 to manipulate the redox potentials) and the disulphide bond breakage was assessed by monitoring functional effects such as water uptake and drug permeation after chemical treatment. The objectives of this study were two-fold: first, to investigate the influence of pH and concentration on the redox properties of TA and urea H 2 O 2 using direct potentiometry and differential pulse voltammetry (DPV); second, to assess the effects of the redox environment on nail water uptake and permeation of TBF when the two agents were applied to the nail in a sequential manner. It was anticipated that the results from this work would provide a new understanding of how the electrochemical environment of α-keratin dictates ungual barrier properties in the nail and thus allow the development of a strategy to treat ungual disorders topically.
HPLC grade) and Petri dishes were supplied by Fisher (Leicestershire, UK). The 24-well cluster plates were from Costar ® (Dorset, UK).
METHODS

Potentiometric measurements
To study the effect of concentration on redox potential, TA were covered using lids and incubated at room temperature for 20 h. After incubation the nails were removed from solution and placed into the clean wells of a fresh 24-well plate. The nail clippings were briefly rinsed 3 times (1 ml each time) with deionised water to remove residual solution. Excess moisture was eliminated from each clipping using clean tissue towels after which the second PE (1 ml) was added to each well. The plates were covered with lids and incubated at room temperature for a further 20 h. The nail clippings were finally removed from each well and individually reweighed following the removal of excess moisture using clean tissue.
Permeation studies
Clean, dry 3 mm 2 nail sections (cleaned as per the nail swelling experiments), were clamped and held in place between receiver and donor chambers of pre-calibrated ChubTur ® permeation cells, details of which are published in earlier work [10, 11] .
Buffered TA solutions (0.5 ml) were applied to the donor compartments of permeation cells so that the exposed dorsal surfaces (0.05 cm 2 ) of each nail were Following each nail permeation study, an integrity check of the cells was performed at 32 o C using 3 H 2 O, a well characterised permeability marker [19] . Prior to the application of 3 H 2 O, the donor compartments of cells were washed by flooding 3 times with deionised water to remove any residual drug. Remaining moisture was removed from the donor chambers using clean tissues and the fluid in the receiver chamber was replaced with fresh deionised water. A 0.2 ml aliquot of 3 H 2 O (3.7
Bq/ml) was applied to the donor chamber of each ChubTur ® cell. Samples (1 ml)
were removed from the receiver chamber of each cell after 1 h and 20 h and were placed directly into scintillation vials to which 4 ml of scintillation fluid was added.
The vials were closed, mixed thoroughly by hand and analysed using a LS 6500 multipurpose scintillation counter (Beckman Coulter TM , Buckinghamshire, UK). The radioactivity was quantified as disintegrations per minute (DPM) which are independent of quenching effects observed in liquid scintillation [20] . Cells were rejected if total DPM at 1 h was on average more than 20 % higher than the mean of the other cells that had undergone the same pre-treatment or if the total DPM at 20 h was on average more than 40 % higher than the mean of the other cells that had undergone the same pre-treatment. These values were used as it would not be expected for nail drug permeation variability to exceed 20 % after 1 h or 40 % after 20 h when a varied nail sample pool is utilised [10, 11] .
Data analysis
Results from the human nail swelling and TBF flux studies are expressed as the means of 8-10 and 3-8 replicates ± SD respectively. For TBF flux, the slope of the 
RESULTS
Dependence of solution redox potential on concentration of redox species and pH
The zero current redox potentials were measured for solutions with a range of TA concentrations, at pH 2 -2.9, using a carbon working electrode. The redox potential of 5 % TA (w/w) solution also exhibited a pH dependent response (Fig 2 a) . From pH 3 to pH 9.5, an approximately linear relationship was observed between pH and E, with a slope of -48 mV (R 2 = 0.98). The break point observed in the plot at ca. pH 10 was close to the thiol pKa value for TA (pKa 10.31). At pH 10 and above, there does not appear to be a simple relationship between pH and E.
Positive E values were observed for 2.5 % urea H 2 O 2 (2.5 % w/w H 2 O 2 ) over the whole tested pH range (pH 2-12) using the platinum electrode (Fig 2 b) 
Redox species analysis using differential pulse voltammetry (DPV)
Zero current cell potential measurements, as above, give some indication of the redox environment of a solution; however they give no information as to the identity of the solution redox species. Voltammetric techniques, such as cyclic voltammetry are thus used to determine the concentrations of solution redox species and the potential at which they undergo oxidation or reduction. In this study differential pulse voltammetry (DPV) was used, due to its ability to resolve the current response of species that have similar potentials and thus overlapping peaks.
DPV analysis of 5 mM TA buffered at pH 2 identified two poorly defined and broad anodic waves at relatively high potentials of +1.3 and +1.6 V (vs. SHE) (Fig 3 a) attributed to the oxidation of TA at the carbon electrode. A significantly smaller anodic peak at pH 2 was also observed at a much lower potential (+0.4 V, see inset to Fig 3 a) . When the TA was buffered at pH 8, the anodic waves appeared at similar potentials to the pH 2 solutions but the measured currents were about 4-5 times smaller (Fig 3 b) . For the TA solution buffered at pH 13, the two anodic peaks were shifted to +0.9 V and +1.2 V (Fig 3 c) . The TA peaks were broad and not fully resolved at any of the pHs tested which indicated a complex and multi-component, multi-step oxidation process. (Fig 4 a) were observed. The response at pH 8 was more complex (Fig 4 b) , with three overlapping peaks observed at +0.1 V, +0.3 V and +0.5 V. When urea H 2 O 2 was buffered at pH 13 only a single peak was present in the DPV scan at +0.05 V (Fig 4 c) . The urea H 2 O 2 solution appeared to contain the most redox active species at a high pH.
Water uptake and TBF permeability
The human nail samples were exposed to a sequence of two electrochemical environments (a vehicle containing TA followed by a vehicle containing urea H 2 O 2 )
and their capacity to take up water and allow the passage of TBF was assessed. The greatest water uptake was through nails pre-treated with 15 % TA (w/w) at pH 2 followed by 15 % urea H 2 O 2 (15 % H 2 O 2 , w/w) at pH 3.4. This sequence of electrochemical environments also resulted in the highest recorded TBF nail flux (Table 1) . When the concentration of TA was lowered to 5 % (w/w), and the pH of TA maintained at 2, the second fastest TBF ungual flux rate and water uptake was attained. At pH 8, irrespective of concentration, the effect of TA on both TBF permeation and water uptake was statistically lower (P < 0.05) compared to corresponding experiments when TA was applied to the nail at pH 2. For example, increasing the pH of 5 % TA (w/w) from 2 to 8 resulted in a rate of TBF flux that was was also observed when it was applied at pH 2 (Table 1) .
DISCUSSION
The relevance of redox chemistry in the manipulation of disulphides and therefore nail barrier function is demonstrated by the numerous accounts of disulphide reactions under reductive or oxidative conditions [15, 21] . TA has previously been reported to break disulphide bonds most efficiently through electrochemical reduction at pHs of > 8, as the active species is believed to be the thiolate ion, -S-CH 2 -COO -, which is only present at alkaline pH due to dissociation of the thiol group [13, 14] . In the present study however, it was found that the flux of TBF through nails that had been sequentially exposed to TA and urea H 2 O 2 solutions was greatest at pH 2, when the majority of TA molecules were un-ionised. The nail swelling experiments supported these trends. Direct potentiometry and DPV were therefore employed to investigate the redox properties of solutions containing TA and urea H 2 O 2 to try and understand the reasons for this unexpected loss in nail barrier function when solutions containing low levels of thiolate ions were applied to it.
For the reaction A + ne -→ B, the measured potential in an electrochemical cell can be described by the Nernst equation (Eq. 1) [22] :
[B]
[A] ln nF
where E is the cell potential, E 0 is the standard electrochemical potential, R is the universal gas constant, T is temperature, n is the number of electrons transferred per mol, F is the Faraday constant, [A] is the concentration of the oxidised species and
[B] is the concentration of the reduced species. Fig 1 a shows that a linear relationship between the natural log of TA concentration and redox potential was only observed at the lowest TA concentrations tested (0.005 % to 0.1 %). As the pH of the TA solutions in these concentration studies was between 2.0 -2.9, the dominant species in each solution would be the un-ionised TA molecule (HS-CH 2 -COOH). Therefore the reaction at the electrode under these conditions would be expected to proceed via Eq. 2, resulting in the generation of the highly reactive thiyl radical. profile at the carbon electrode was 48 mV (Fig 2 a, pH 3 of the thiol. The reaction at this higher pH would be expected to revert to that described by Eq. 5.
Eq. 5.
Indeed at pH 10 and above, E becomes independent of pH, which is consistent with Eq 5, where protons play no role in the reaction [24, 25] .
DPV, a sensitive voltammetric technique, was used to identify the redox active species in TA solution. Previous voltammetric studies of sulphydryl compounds such as glutathione, 2-mercaptoethanol, TA and cysteine have shown that thiol oxidation usually occurs at high electrode potentials in the absence of a catalyst [26] [27] [28] was analysed in a pH 2 buffer has previously been assigned to such electrodeadsorbed species [26] . In the absence of a catalyst the oxidation of TA requires much higher applied potentials (a large overpotential) than predicted by the zero current measurements, as observed in the DPVs in Fig 3. At pH 2 and 8 the oxidation peak at 1.3 V has previously been assigned to the reaction in Eq. 2, after which dimerisation of the radical product occurs immediately (Eq. 4). The second peak at 1.6 V was assigned to the oxidation of the resulting dimer [28] .
The cell potential and DPV results from this study are consistent with previous reports that TA is a better reducing agent at higher pH (above pH 10) as the solution will contain a higher concentration of the active reducing agent -S-CH 2 -COO -. However, contrary to predictions, this study has also found that loss of nail barrier integrity was
The deviation from linearity observed in the pH profile of urea H 2 O 2 above pH 9 was likely due to the dissociation of H 2 O 2 (Eq. 9) (pKa = 11.6) and thus the liberation of the perhydroxyl anion in solution; the electrode process would then be described by therefore be expected to change from that described by Eq. 10.
Eq. 9.
Eq. 10.
As the influence of urea H 2 O 2 on nail barrier properties appeared to be relatively insensitive to pH this switch in reactive species was assumed to be of negligible importance.
The DPV studies confirmed that at all pH values tested, H 2 O 2 solutions were oxidising in nature relative to the SHE, i.e. the solution contained a complex range of redox species that could be reduced at relatively high potentials. We speculate that the additive effect of H 2 O 2 treatment after treatment with TA may be attributed to the ability of H 2 O 2 to oxidatively cleave the disulphide bonds formed between the TA and the nail keratin in equation 6, liberating the reactive thiyl radical, which is then free to react further with the disulphide bonds (Eq. 11)
Eq. 11.
CONCLUSION
The application of redox active agents undoubtedly increases nail barrier permeation through keratin damage. However, the data generated in this work illustrated that multiple mechanisms of keratin structural modification are simultaneously occurring when sulphur containing compounds are applied to the nail. At a low pH the TBF permeation studies and the nail swelling experiments demonstrated the superior ability of TA to induce disulphide damage. The reaction equilibria derived from potentiometric analysis suggested that the nail keratin damage was probably driven by a free radical chain reaction. Although TA retained the capacity to induce keratin damage at higher pH's, possibly due to the more standard reduction process via the thiolate ion, the reduced effectiveness of TA at these higher pH values indicated a quenching in thiyl radical activity. Urea H 2 O 2 displayed current potential profiles that mimicked previously reported studies and was therefore assumed to support keratin damage by TA via subsequent oxidation of the cleaved disulphide bonds in the nail. shows a small peak for TA at pH 2 magnified. Table 1 Pre-treatment regime Flux (µg/cm 2 /h)
